Abstract: An exceptionally cold episode occurred in January 2017 over the Balkan Peninsula. Analysis of historical records showed that it was one of the coldest extreme episodes. Even though the low temperatures of January 2017 did not break previous low records for all stations, the long duration was quite extreme, resulting in strong socioeconomic impacts in the region of interest. The 10-year to 100-year return values of minimum temperatures were calculated based on block maxima method and the maximum likelihood estimates. The estimated return periods of the absolute minimum temperature are approximately 15 or 20 years for almost all stations. For only one station, the absolute minimum temperature of January 2017 might happen once in every 300 years according to the return level results. Moreover, the extreme cold episode over the Balkans during the period of 5 January 2017 to 12 January 2017 was associated with a significant outbreak of arctic air masses into eastern-central Europe and the Balkans and a cutoff low at the level of 500 hPa over the region.
Introduction
Southeastern European, and especially Balkan winters, are characterized by strong temperature variability. Generally, westerly winds transport mild, moist Mediterranean air towards the Balkan Peninsula, but occasionally the large-scale atmospheric circulation changes, resulting in colder conditions with northern flow from Scandinavia (December 1953, January 2012) [1, 2] or northeasterly flow from Siberia (Winter 1956 (Winter , 1963 [3] . These quasi-stationary larger scale circulation patterns are often referred to as "weather regimes" and can persist a few days or even a few weeks [4, 5] . Generally, these anomalous cold winter temperatures are associated with atmospheric blocking over the Atlantic or Europe [6] [7] [8] . In addition, extremely low winter temperatures in mid-latitudes are associated with cold air outbreaks (a displacement of polar or arctic air) over the northern [9] or southern hemisphere [10] [11] [12] . This association of northerly air outbreaks of polar air was also frequent during significantly cold periods in the past (even during the Last Glacial Maximum) [13, 14] Moreover, Hurrell [15] associated the occurrence of low temperatures with the NAO (North Atlantic Oscillation) index and Brown et al. [16] documented that the negative NAO phase significantly reduces extreme winter daily temperatures (approximately by 2 • C) over Eurasia. Especially for southern Europe, the index's influence to temperature variability is more complex, since the temperature conditions are related not only to the NAO phase but also to the exact geographical position of its poles [17] . In the case of the cold winter of 2010 over Europe, Cattiaux et al. [18] showed that the anomalous low temperatures were strongly related with the negative phase of the NAO, while Unkasevic and Tosic [19] indicated that even for the Balkans (Belgrade) the NAO index is highly linked with the winter minimum temperatures.
January 2017 was one of the coldest on record in the Balkan Peninsula (https://data.giss.nasa. gov/gistemp/maps/) due to extremely low temperatures and the long duration of the cold spell over the largest part of the central and southern Balkans. Eastern continental Greece received intense sea-effect snowfall from the Aegean Sea. Athens and Santorini, as well as many islands and mainland coasts, received high amounts of snow, with snow cover depth ranging between 75 cm and 1 m. Over the central Balkans a blizzard occurred, and locally the snowfall reached 60 cm. Very cold air masses were established over the Balkans for many days, with temperatures below zero. A strong severe Bora wind was observed at the western coasts of the Balkan Peninsula across the Croatian coasts.
Many homeless people died from the cold in Poland and the Czech Republic. The Danube River and Bosporus straits were closed to shipping. Migrants in Greece suffered due to very low temperatures and moved to heated tents, commercial buildings, and ships. The Greek islands Eubea, Skopelos, and Alonissos declared a state of emergency. Public transport collapsed due to severe snowfall and flights and shipping services were suspended for many hours. Schools in Greece were closed for a week as a result of the plumbing and heating problems caused by the very low temperatures.
The aim of this study is to examine this unusually cold episode of January 2017 over the Balkan Peninsula. The intensity and duration of the physical conditions of this cold episode will be compared with a reference period for a climatological-statistical analysis of the event. Moreover, the synoptic conditions associated with this event will be investigated and the return period of the extreme temperature will be estimated using the Generalized Extreme Value (GEV) distribution.
Data and Methodology

Data
In order to analyze this extreme temperature cold event, daily minimum temperature (Tmin) datasets recorded at eight meteorological stations (Table 1) across the Balkans over January 2017 were used. A long reference period of 56 years (1958-2012) was selected for the climatological analysis. Data were freely downloaded from the European Climate Assessment and Database project database [20] and the National Observatory of Athens [21] . Synoptic analysis is based on maps for the 500 hPa level and Sea Level Pressure (SLP), while the composite maps were derived using the composites tool from the Earth System Research Laboratory of NOAA (Real-time Environmental Applications and Display sYstem (READY). Available online: https://www.ready.noaa.gov/index.php.)
Methodology
The GEV distribution is used to model block temperature minima. It can be described by the location parameter (µ) representing the overall position of the distribution, the scale parameter (σ) that characterizes the spread of the distribution, and the shape parameter (ξ) that determines the type of extreme value distribution.
The case of ξ = 0 in GEV distribution defines the Gumbel distribution, which is a limiting distribution of extremes including the normal and exponential distributions. The Fréchet distribution (σ > 0) has a bounded upper tail, while the Weibull distribution (ξ < 0) is heavy-tailed, and is bounded above [22] .
The most commonly used methods to estimate the distribution parameters are maximum likelihood estimators and L-moments [23] . Based on our previous work [22] , which shows that L-moments is the less appropriate method for temperature parameters, we employed the maximum likelihood d method. Extreme temperatures were expressed in terms of return levels. The return value was associated with different T return periods (5-year to 100-year) by inverting the fitted GEV distribution [22] :
where z is the threshold that is expected to be exceeded on average once every T years.
Results
Climatology
January 2017 was colder than normal across Central, Northeastern and Eastern Europe, including Italy and the whole Balkan Peninsula, while it was warmer than normal in Ireland, Great Britain, and North Scandinavia. Temperatures over the Iberian Peninsula were normal.
In order to gain a more thorough insight from a statistical point of view of how exceptional this winter was, several climatological-statistical parameters were computed, such as: the Mean Tmin (MTN, • C), Absolute daily Tmin (ATN, • C), the 95th percentile of the Tmin (95TN, • C), the mean annual number of frost days (MFD, days) and the 95th percentile of the frost days (95FD) for the available time series for stations over the Balkan area. The results found for January 2017 were compared with the climatic parameters of the reference period 1958-2012 (Table 2) .
It was found that the Greek stations show MTN higher than zero, while the other four stations show negative temperature for the reference period. The mean monthly Tmin of January 2017 was lower than MTN for all stations; the differences range between −2.0 • C (Larissa) and −4.7 • C (Bucharest and Mytilini) and 75% of the stations presented differences lower than −3.0 • C. On the other hand, ATN of January 2017, for all stations except Mytilini, was higher than the reference ones. For the station of Mytilini it was the first time that such negative ATN values were recorded. The 95TN, a commonly used index for extreme temperatures, had a similar pattern, with the MTN with three of the eight stations presenting differences lower than −4.0 • C.
The duration of the frost days (days with Tmin < 0) in January 2017 was exceptionally long. During the reference period, there were 12 and 13 mean frost days for Alexandroupoli and Larissa, respectively, with seven for Thessaloniki and only one for Mytilini. For the other four stations, frost days were more frequent. The MFD is equal to 19 days for Zagreb and Belgade, 22 days for Nis, and 27 for Bucharest. For January 2017, the MFD number presents an increase of about 6-7% for all stations (Table 2 ). This rise ranges from one day in Larissa to 10 days in Belgrade. For half of the stations, 29 to 31 days in January presented Tmin <0 • C. In the case of Mytilini, an island meteorological station in the Aegean Sea, 10 frost days were recorded in January 2017. The 95th percentile of the frost days is presented in Table 2 , too. Most of the stations present 95FD higher than 24 days; only two Greek stations present lower values. During January 2017, the 95th percentile of frost days for many stations was very close to climatological 95FD; the FD of Mytilini was six days higher than the climatological 95FD, while for Larissa it was 10 days lower than the corresponding threshold. 
29 (10) 31 (4) 14 (1) 10 (9) 30 (8) 13 (6) 27 ( From Figure 1 it is obvious that the coldest time period of January 2017 is the eight-day period of 5-12 January in the Balkan Peninsula. The absolute minimum temperatures occurred on 8 January 2017 for 50% of the selected stations ( Figure 2 ). At Mytilini station, it occurred one day earlier, on 7 January, while at Bucharest it was two days later (10 January). 
Extreme Analysis
January 2017 provide an example of the extreme events that the Balkans is expected to face more frequently. In Figure 3 , the vertical axis is the frequency of occurrence of January minimum temperatures in degrees Celsius (horizontal axis). Minimum temperature in the reference period 1951-2012 closely matches the normal distribution ("bell curve"-purple area), with mean values close to zero, except for Mytilini station, where the mean values are positive. The corresponding distribution of January 2017 minimum temperatures (light blue area) for all stations has shifted to the left, probably as a consequence of climate change. According to Figure 3 , extremely cold outliers did not occur during January 2017, since lower absolute Tmin values have been reported during the reference period in most of the stations except Mytilini. However, the frost days (days with Tmin <0 °C) in January 2017 presented a higher frequency, resulting in long cold spells. 
January 2017 provide an example of the extreme events that the Balkans is expected to face more frequently. In Figure 3 , the vertical axis is the frequency of occurrence of January minimum temperatures in degrees Celsius (horizontal axis). Minimum temperature in the reference period 1951-2012 closely matches the normal distribution ("bell curve"-purple area), with mean values close to zero, except for Mytilini station, where the mean values are positive. The corresponding distribution of January 2017 minimum temperatures (light blue area) for all stations has shifted to the left, probably as a consequence of climate change. According to Figure 3 , extremely cold outliers did not occur during January 2017, since lower absolute Tmin values have been reported during the reference period in most of the stations except Mytilini. However, the frost days (days with Tmin <0 • C) in January 2017 presented a higher frequency, resulting in long cold spells. For each station, GEV parameter estimations were obtained by maximum likelihood analysis (Table 3 ) on the block minima of the minimum January temperatures. The maximized value (nllh) and the standards errors of the log-likelihood were also estimated for all stations. The location parameter μ is mainly governed by the elevation, the latitude, and the stations' distance from the sea. The scale parameter σ, which indicates the interannual variability of extreme January minimum temperatures, is highly affected by the meridional flow of the air masses: σ is higher over the northern part of Balkan Peninsula and decreases towards the equator (Table 3 ). In the case of minimum temperature, the shape parameter should be negative [24] [25] [26] , resulting in the Weibull distribution being fitted to TM. It is a short-tailed distribution with finite upper bounds. The negative values of ξ for all stations reflect the presence of a few abnormally low extreme temperature events that dominate in the tail of the distribution. However, due to the fact that it is upper-bounded, there are specific temperature thresholds that the minimum temperature cannot exceed. The return levels for block minima temperature are shown in Figure 4 , along with the 95% confidence intervals. The estimated parameters of GEV distribution using the maximum likelihood method were used to calculate 10-, 15-, 20-, 25-, 50-, 70-, and 100-year return temperature values (Table 4) . Return levels gradually decrease with larger return periods, while the confidence level becomes wider as the return periods increase (Figure 4 ). More specifically, the estimated return level for the 100-year and 10-year return periods are −11.3 °C and −7.1 °C, respectively, for Thessaloniki For each station, GEV parameter estimations were obtained by maximum likelihood analysis (Table 3 ) on the block minima of the minimum January temperatures. The maximized value (nllh) and the standards errors of the log-likelihood were also estimated for all stations. The location parameter µ is mainly governed by the elevation, the latitude, and the stations' distance from the sea. The scale parameter σ, which indicates the interannual variability of extreme January minimum temperatures, is highly affected by the meridional flow of the air masses: σ is higher over the northern part of Balkan Peninsula and decreases towards the equator (Table 3 ). In the case of minimum temperature, the shape parameter should be negative [24] [25] [26] , resulting in the Weibull distribution being fitted to TM. It is a short-tailed distribution with finite upper bounds. The negative values of ξ for all stations reflect the presence of a few abnormally low extreme temperature events that dominate in the tail of the distribution. However, due to the fact that it is upper-bounded, there are specific temperature thresholds that the minimum temperature cannot exceed. The return levels for block minima temperature are shown in Figure 4 , along with the 95% confidence intervals. The estimated parameters of GEV distribution using the maximum likelihood method were used to calculate 10-, 15-, 20-, 25-, 50-, 70-, and 100-year return temperature values (Table 4) . Return levels gradually decrease with larger return periods, while the confidence level becomes wider as the return periods increase (Figure 4 ). More specifically, the estimated return level The maximum likelihood return level curves (Figure 4 ) are in accordance with the range of the observed data or included in 95% confidence intervals for all stations except Larissa. Using the maximum likelihood estimates, we predicted the values of the return period associated with the January 2017 absolute minimum temperature for all stations. For all the northern stations, as well as Alexandroupoli, the estimated return period for the absolute minimum temperature was smaller than 15 year (Zagreb: 5 year; Belgrade: 10 year; Alexandroupoli: 12 year; Nis: 12 year; Bucharest: 15 year). For the two Greek stations, Thessaloniki and Larissa, the estimated return periods are close to 20 year, while the absolute minimum temperature of Mytilini can be considered extreme as it happens once every 300 years. 
The Cold Spell of January 2017: A Synoptic Analysis
In order to understand the day-to-day driving synoptic processes associated with this event, 5-12 January 2017 was divided into three distinct stages. The P-1 stage is defined as the three-day period (5-7 January) that preceded the development of a pressure trough over the domain of study. The P-0 stage is (8-10 January) and is characterized by the formation of a cutoff low over the Balkans. The P+1 stage is a two-day period (11 and 12 January) characterized by the weakening of the cutoff low (Figures 5-7) . The Azores High was weaker than normal at the beginning of the month and The maximum likelihood return level curves (Figure 4 ) are in accordance with the range of the observed data or included in 95% confidence intervals for all stations except Larissa. Using the maximum likelihood estimates, we predicted the values of the return period associated with the January 2017 absolute minimum temperature for all stations. For all the northern stations, as well as Alexandroupoli, the estimated return period for the absolute minimum temperature was smaller than 15 year (Zagreb: 5 year; Belgrade: 10 year; Alexandroupoli: 12 year; Nis: 12 year; Bucharest: 15 year). For the two Greek stations, Thessaloniki and Larissa, the estimated return periods are close to 20 year, while the absolute minimum temperature of Mytilini can be considered extreme as it happens once every 300 years. 
In order to understand the day-to-day driving synoptic processes associated with this event, 5-12 January 2017 was divided into three distinct stages. The P-1 stage is defined as the three-day period (5-7 January) that preceded the development of a pressure trough over the domain of study. The P-0 stage is (8-10 January) and is characterized by the formation of a cutoff low over the Balkans. The P+1 stage is a two-day period (11 and 12 January) characterized by the weakening of the cutoff low (Figures 5-7) . The Azores High was weaker than normal at the beginning of the month and influenced the weather over Western Europe. A strong high dominated over the North Atlantic, close to Ireland, clearly reflected in the negative NAO phase (Available online: ftp://ftp.cpc.ncep.noaa.gov/cwlinks/ norm.daily.nao.index.b500101.current.ascii). 
Discussion and Conclusions
January 2017, characterized by extreme cold weather over the Balkan Peninsula, caused several socioeconomic problems in the region. The temperature anomalies were out of the bounds of the 1958-2012 climatological means over the Balkan Peninsula. Minimum temperature for January 2017 exceeded −3.0 °C over most of the studied stations, with peak differences reaching −4.7 °C in Bucharest and Mytilini. For Larissa and Thessaloniki, the temperature anomalies were equal to −2.0 °C and −2.5 °C, respectively. Although the aforementioned low temperatures did not break previous lower records (except for some local records), their duration was extreme, resulting in severe cold conditions over the domain of interest. This extreme event was also described in terms of return values estimated from the GEV distribution of annual minima extremes. Gubanova and Li [27] and Kioutsoukis et al. [24] used a GEV model to produce the statistics of extreme minimum temperature values in Mediterranean and the Balkan Peninsula. Cueto et al. [28] found that the extreme minimum temperature will be less severe compared with the extreme maximum temperatures. These results are in agreement with our results that showed that January 2017 was extreme due to the duration of the cold spell and not due to its severity. The return-level threshold periods were different for the The gradual shift of the anticyclone to the eastern rate in the transport of cold air masses from Scandinavia to the northeast Europe and the Balkans. At the same time, a low-pressure system accompanied by the appearance of cold fronts moved from the NNW to the SSE along the east anticyclone side. It resulted in a significant outbreak of arctic air masses into east-central Europe and the Balkan Peninsula that lasted until 5 January. Such a pressure system plunged deep into the Balkans and formed a cutoff low at the level of 500 hPa. Moreover, a secondary low-pressure system developed over central-southern Italy and the southern Balkan Peninsula, causing severe storms in the Aegean Sea and snowfall and frost in the Southern Balkans, the Adriatic Sea, and on the eastern coast of Italy. More specifically, during the P-1 stage, the flow at 500 hPa was meridional over central Europe, with a ridge over the Iberian Peninsula that reached the British Isles, while a weak pressure trough was apparent over central and eastern Europe ( Figure 5 ). The jet stream changed and a high-amplitude trough extended from Scandinavia to the Adriatic Sea. Most of the air masses moving in the jet stream flow originated over the North Atlantic. Zonal winds are weaker and meridional wavy jet stream occurred over the Balkan Peninsula, resulting in an extreme cold outbreak and cyclogenesis over the Mediterranean, in the Gulf of Genoa, and in the North Adriatic Sea.
In the P-0 stage (Figure 6 ), the cold bottom end of the trough is detached from the main circulation, forming a cutoff low (negative anomaly pole at 500 hPa level) over the Balkans that subsided cold air in the region. At the surface, behind cold fronts (5-7 January), anticyclonic centers moved into the eastern part of Europe, intensifying over the Balkan Peninsula. Arctic air from higher latitudes was forced to flow equatorward to the Balkans; the air masses were cold enough to cause precipitation to fall as snow instead of rain. The negative phase of the NAO weakened and was followed by the positive phase of EMP teleconnection pattern (Figure 6 ).
During the P+1 stage, a gradually merging of the cutoff with the main stream was observed ( Figure 7) . The anticyclonic center declined to the east and fronts passed through the Balkan Peninsula. The anomalous negative pole at 500 hPa level over the Balkans remained until the end of this stage. The polar jet stream (not shown) moved far south over the northern part of Africa, allowing the cold polar air to extend to the mid latitudes.
January 2017, characterized by extreme cold weather over the Balkan Peninsula, caused several socioeconomic problems in the region. The temperature anomalies were out of the bounds of the 1958-2012 climatological means over the Balkan Peninsula. Minimum temperature for January 2017 exceeded −3.0 • C over most of the studied stations, with peak differences reaching −4.7 • C in Bucharest and Mytilini. For Larissa and Thessaloniki, the temperature anomalies were equal to −2.0 • C and −2.5 • C, respectively. Although the aforementioned low temperatures did not break previous lower records (except for some local records), their duration was extreme, resulting in severe cold conditions over the domain of interest. This extreme event was also described in terms of return values estimated from the GEV distribution of annual minima extremes. Gubanova and Li [27] and Kioutsoukis et al. [24] used a GEV model to produce the statistics of extreme minimum temperature values in Mediterranean and the Balkan Peninsula. Cueto et al. [28] found that the extreme minimum temperature will be less severe compared with the extreme maximum temperatures. These results are in agreement with our results that showed that January 2017 was extreme due to the duration of the cold spell and not due to its severity. The return-level threshold periods were different for the studied stations in Balkans. As a result, a rare temperature extreme equal to −15 • C is regarded as having an almost a 1000-year return period for Thessaloniki and Alexandroupoli, while this temperature can be observed one time in 40 years in Larissa. −15 • C is a rather common cold episode in northern stations since it can happen every year.
January 2017 started with a characteristic negative phase of NAO that further supports the previous findings that extremely cold European winters are generally related to -NAO (e.g., [29] [30] [31] ), while Peterson et al. [32] showed that the main driver of winter temperature variability in Europe is North Atlantic dynamics. In 2011, Gattiaux and co-authors [18] demonstrated that the negative phase of NAO accounted for the low temperature anomalies of winter 2010. Likewise, Guirguis et al. [33] showed that the winters for two continuous years (2009-2010 and 2010-2011) in NE Eurasia and SE USA were associated with the anomalous and persistent negative NAO. Moreover, it is likely that there was a westward extension of the Siberian Anticyclone to interact with -NAO. This negative NAO phase association with cold European winters was also detected in the extreme cold winter of 1962-1963 according to Hirshi and Sinha [34] , who mentioned that, especially over Western Europe, these low-temperature extremes are highly connected with the weakening of westerlies and the reduction in the influence of ocean circulation over the region. However, the same authors underline in their study that, even though the NAO anomalies could by a "predicting" tool for the occurrence of extreme temperatures in Europe, the spatial distribution of low-or high-temperature anomalies is not always coherent over the European region [34] . Thus, the investigation of other physical processes and synoptic conditions at different geopotential levels, as well as a stratospheric and an SST analysis [35] , can provide more detailed insight into the factors leading to extreme temperature conditions. Specifically, for the extreme episode of January 2017, the atmospheric circulation over the Balkan Peninsula started to change on 5 January. The negative phase of the NAO teleconnection pattern weakened and the positive phase of the Eastern Mediterranean Pattern was established (EMP, [35] [36] [37] ). The synoptic pattern of the cold episode at January 2017 was similar to that in January-February 2012 [2] , in which significant snowfalls and low temperature in southern Balkan were observed. During this cold episode, the extension of the Siberian Anticyclone towards Scandinavia blocked the westerly circulation and forced frozen arctic air to move towards the equator. The main difference between the two episodes is that the air mass in January 2017 came from much higher latitudes. Three days before the cold episode that occurred over the Balkans, a cold-air outbreak formed over Europe, and cold fronts were observed over the Balkans. Such mid-latitude disturbances (e.g., intense cold fronts and cutoff lows) are also associated with severe temperature events over South America [10, 11, 38] . Subsequently, the 500-hPa height anomalies of January 2017 presented a strong negative pole over the study region, suggesting the formation of a well-organized cutoff low pressure over the Balkans. This cutoff low (COL) lasted three days, a common duration for COL in the northern hemisphere [39] . At the surface, an anticyclonic center was located over the studied region. Nieto et al. [40] studied the relationship between the cutoff lows associated with cold extremes, the air mass transfer between the stratosphere and the troposphere, and the flow of tropospheric ozone. Moreover, Scaife and Knight [31] demonstrated in their study on the extreme cold winter of 2005-2006 over Europe that the intense stratospheric warming in synergy with SST over the Atlantic was a main factor that led to these extreme low-temperature conditions. Thus, future research should concentrate on the relationship between the extreme January 2017 weather conditions and the stratospheric air transfer as well as the hemispherical or planetary factors that were responsible for this abnormal circulation over Southeastern Europe, which caused relatively long duration cold spells and high-intensity phenomena. Such factors could be El Niño or stratospheric cooling or heating.
